The conformational study on neutral and zwitterionic L-alanines (N-Ala and Z-Ala, respectively) and the transition state (TS) for their interconversion is carried out using ab initio HF and density functional B3LYP methods with the self-consistent reaction field method in the gas phase and in solution. At both the HF and B3LYP levels of theory, the local minimum N1 for N-Ala is found to be most preferred in the gas phase and a weak asymmetric bifurcated hydrogen bond between the amino hydrogens and the carbonyl oxygen appears to play a role in stabilizing this conformation. The local minima N2a and N2b are found to be the second preferred conformations, which seem to be stabilized by a hydrogen bond between the amino nitrogen and the carboxylic hydrogen. The relative stability of the local minimum N2b is remarkably increased in solution than that in the gas phase. The local minimum N2b becomes more stable than the local minimum N2a in most of the solution. On the whole the relative free energies of Z-Ala and TS become more lowered, as the solvent polarity increases. N-Ala prevails over Z-Ala in aprotic solutions but Z-Ala is dominantly populated in ethanol and water. In aprotic solutions, the population of Z-Ala increases somewhat with the increase of solvent polarity. The barrier to Z-Ala-to-N-Ala interconversion increases on the whole with the increase of solvent polarity, which is caused by the increase of stability for Z-Ala.
Introduction
L-Alanine exists as a zwitterion in the crystal 1, 2 and in aqueous solution, 3, 4 whereas it has a neutral form in the gas phase, [5] [6] [7] as known for other amino acids. Because the zwitterion possesses an extremely high electric moment, it is very soluble in water but nearly insoluble in organic solvents. 3 However, the neutral form has a greater affinity for organic solvents than for water, due to the relatively smaller electric moment. 3 It was suggested that the concentration ratio of zwitterions to neutral molecules should decreases, as the dieletric constant (i.e., the polarity) of the solvent is lowered. 3 Considerable quantum chemical computations have been carried out on the conformational preferences of neutral alanine in the gas phase, [8] [9] [10] [11] [12] [13] [14] [15] and neutral and/or zwitterionic alanines in aqueous solution 13, 14, [16] [17] [18] [19] [20] [21] and in a KBr matrix. 22, 23 For most of the previous works in solution, solvents were considered as a continuum and the self-consistent reaction field (SCRF) methods were employed to calculate solvation free energies. 13, 14, 16, 22, 23 A few works have adopted the models of zwitterionic [17] [18] [19] [20] or neutral 20 alanine with explicit waters embedded in a SCRF.
In the gas phase, the most preferred conformation and up to 13 local minima for the neutral alanine were identified depending on the levels of theory and starting structures. In particular, the zwitterionic alanine can be located as a local minimum at the HF/6-31G(d) level of theory, but it is not a local minimum at B3LYP/6-31+G(d) and B3LYP/6-311++G(d,p) levels of theory. 13 It was suggested that at least two water molecules are needed to form a stable alanine zwitterion-water cluster in the gas phase. 20 The zwitterionic form was found to be more stable than the neutral form when the solvation shell reaches eight water molecules. 21 In water, the zwitterionic alanine was found to be more stable by about 3-4 kcal/mol in free energy than the neutral alanine using polarizable continuum models. 16, 20 There are limited works reported on the interconversion between neutral and zwitterionic alanines in water 20, 24 and in organic solvents, 25 in which only representative conformations of the neutral alanine were employed.
We studied here all feasible conformations for neutral and zwitterionic L-alanines and the transition states for their interconversion at the HF and B3LYP levels of theory with the conductor-like polarizable continuum model (CPCM) in solution in order to investigate their relative populations and interconversion with the increase of solvent polarity.
Computational Methods
Chemical structure and atomic labels of L-alanine are shown in Figure 1 . All ab initio HF and hybrid density functional B3LYP calculations were carried out using the Gaussian 03 package. 26 The 13 local minima of L-and Dalanines optimized at the HF/6-311++G(d,p) level of theory 10 and the 9 local minima of Ac-L-Ala-NHMe optimized by the ECEPP/2 force field 27 were used as starting conformations for optimization of the neutral L-alanine (N-Ala) at HF/6-31+G(d) and B3LYP/6-31+G(d) levels of theory in the gas phase. The local minima at these HF and B3LYP levels of theory were edited by the GaussView 28 to obtain the starting structures for optimization of the zwitterionic L-alanine (ZAla) in the gas phase. After optimization, a single local minimum for Z-Ala was located at the HF/6-31+G(d) level of theory, but no stationary point was found at the B3LYP/6-31+G(d) level of theory, as seen previously. 13 The transition state (TS) between N-Ala and Z-Ala was located using the Synchronous Transit and Quasi-Newton (STQN) method 29 with the QST3 option of the Gaussian 03 30 at the HF/6-31+G(d) level of theory. N-Ala with a similar configuration of amino and carboxylic groups to Z-Ala was chosen as initial structure in generating the TS structure.
We employed the conductor-like polarizable continuum model (CPCM), 31, 32 implemented in the Gaussian 03 package, 26 to compute solvation free energies (ΔG solv ) at the HF/ 6-31+G(d) level of theory with the united atom Kohn-Sham (UAKS) cavities, which are the united atom topological model (UATM) radii optimized at the density functional PBE0/6-31G(d) level of theory. 33, 34 The solvation free energy is the sum of the electrostatic free energy and the nonelectrostatic energy terms. 35 The latter is composed of the cavitation, dispersion, and repulsion energy terms. For CPCM-UAKS calculations, the default average areas of 0.2 Å 2 for tesserae were used. The solvents considered here are chloroform, dichloroethane, ethanol, acetonitrile, DMSO, and water, whose dielectric constants are 4.9, 10.4, 24.6, 36.6, 46.7, and 78.4 at 25 o C, respectively. 30 Recently, the CPCM-UAKS calculations for a number of neutral and charged organic molecules at the HF/6-31+G(d)//HF/6-31+G(d) and HF/6-31+G(d)//B3LYP/6-31+G(d) levels of theory provided hydration free energies in agreement with available experimental data. 36 All local minima for N-Ala optimized at HF/6-31+G(d) and B3LYP/6-31+G(d) levels of theory in the gas phase were used as starting structures for optimizations at CPCM HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of theory in solution, respectively. Z-Ala and TS optimized at the HF/6-31+G(d) level of theory in the gas phase were used as starting structures for optimizations at both the CPCM HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of theory in solution. The B3LYP/6-311++G(d,p) single-point energies were calculated for all local minima and transition states of L-alanine located at CPCM HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of theory in solution.
Vibrational frequencies were calculated for all stationary points at both the HF and B3LYP levels of theory in the gas phase and in solution, which were used to compute enthalpies and Gibbs free energies with the scale factors of 0.89 and 0.98 at HF and B3LYP levels of theory, respectively, at 25 °C and 1 atm. These scale factors were chosen to reproduce experimental frequencies for the amide I band of Nmethylacetamide in Ar and N 2 matrixes. 37 The zero-point energy correction and the thermal energy corrections were used to calculate the enthalpy (H) and entropy (S) of each conformation. 30, 38 The analysis uses the standard thermodynamic expressions for an ideal gas in the canonical ensemble. Each transition state was confirmed by checking whether it had one imaginary frequency after frequency calculations at both the HF and B3LYP levels of theory. The relative total free energy (ΔG) for each conformation in solution was computed by taking the sum of the relative conformational free energy (ΔE e ), the thermal contributions, and the entropic contribution. The relative conformational free energy (ΔE e ) is the sum of the conformational electronic energy (ΔE e,s ) and the relative solvation free energy (ΔΔG solv ) in solution. The relative total free energies are used here to interpret the population and interconversion between N-Ala and Z-Ala in the gas phase and in solution.
Results and Discussion
Conformational Preferences in the Gas Phase. Thermodynamic properties of N-Ala, Z-Ala, and their TS calculated at HF/6-31+G(d), B3LYP/6-311++G(d,p)//HF/6-31+G(d), B3LYP/6-31+G(d), and B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) levels of theory in the gas phase are listed in Tables  1-4 , respectively. The conformations of all feasible local minima and TS found at HF/6-31+G(d) and B3LYP/6-31+G(d) levels of theory in the gas phase are shown in Figure 2 . Their selected bond lengths, bond angles, and torsion angles optimized at HF/6-31+G(d) and B3LYP/6-31+G(d) levels of theory in the gas phase are listed in the Supporting Information.
At the HF/6-31+G(d) level of theory, the 12 local minima are found for N-Ala in the gas phase (Tables 1 and 2 ). The eight local minima of them such as N1, N2b, N4, N5, N8, N9, N10, and N11 correspond to the local minima I, IIB, IIIB, IVA, VB, VI, VII, and VIIIA for L-alanine found at the HF/6-311++G(d,p) level of theory, respectively, which are listed in Tables 2 and 3 of ref 10 . The local minimum N2a is also identified as a local minimum at MP2/6-311++G(d,p) 7 and B3LYP/aug-cc-pVDZ 11 levels of theory. The conformations of the remaining three local minima such as N3, N6, and N7 are similar to those of the local minima N8, N1, and N4, respectively, except having the different orientations of amide hydrogens. The relative conformational stabilities of N-Ala in the gas phase are calculated to be in the order N1 > N3 > N4 > N5 > N6 > N7 > N8 > N2a ≈ N2b > N9 > N10 > N11 at the HF/6-31+G(d) level of theory by both the relative electronic energies (ΔE e ) and free energies (ΔG). At the At the B3LYP/6-31+G(d) level of theory, the ten local minima are found for N-Ala in the gas phase (Tables 3 and  4 ). In particular, the two local minima N4 and N10 at the HF/6-31+G(d) level of theory do not exist any longer at the B3LYP/6-31+G(d) level of theory, as found at the B3LYP/6-311++G(d,p) level of theory. 10 The relative conformational stabilities of N-Ala are calculated to be in the order N1 > N2a ≈ N2b > N3 > N5 > N6 > N7 > N8 > N9 > N11 at the B3LYP/6-31+G(d) level of theory by both the ΔE e and ΔG. At the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) level of theory, the relative stabilities of local minima are calculated to be similar to those at the B3LYP/6-31+G(d) level of theory, except that the local minimum N2b becomes a little more preferred over the local minimum N2a. In particular, the calculated stabilities of local minima at B3LYP/6-31+G(d) and B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) levels of theory are quite similar to those by the ΔE e at both the B3LYP/6-311++G(d,p) and MP2/6-311++G(d,p) levels of theory.
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At all the levels of theory employed here, the local minimum N1 for N-Ala is found to be most preferred in the gas phase and a weak asymmetric bifurcated hydrogen bond between the amino hydrogens and the carbonyl oxygen appears to play a role in stabilizing this conformation (Figure 2 ), whose distances are computed to be 2.68 and 2.87 Å at the HF/6-31+G(d) level of theory and 2.68 and 2.94 Å at the B3LYP/6-31+G(d) level of theory. The corresponding values are 2.70 and 2.88 Å at the MP2/6-311++G(d,p) level of theory. 7 The local minima N2a and N2b are found to be the second preferred conformations at B3LYP/6-311++G(d,p)//HF/6-31+G(d), B3LYP/6-31+G(d), and B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) levels of theory, as found at MP2/6-311++G(d,p) 7 and B3LYP/augcc-pVDZ 11 levels of theory. The values of ΔE e and ΔG for the local minima N2a and N2b are computed to be 0.36 and 0.95 kcal/mol and 0.40 and 0.92 kcal/mol, respectively, at the B3LYP/6-311++G(d,p)//HF/6-31+G(d) level of theory, 0.01 and 0.63 kcal/mol and 0.06 and 0.69 kcal/mol, respectively, at the B3LYP/6-31+G(d) level of theory, 0.03 and 0.66 kcal/mol and 0.02 and 0.64 kcal/mol, respectively, at the B3LYP/6-311++G(d,p)//B3LYP/6-31+G(d) level of theory. These two local minima N2a and N2b seem to be stabilized by a hydrogen bond between the amino nitrogen and the carboxylic hydrogen (Figure 2) , with the distances of 2.05 and 2.03 Å at the HF/6-31+G(d) level of theory, respectively, and 1.91 and 1.90 Å at the B3LYP/6-31+G(d) level of theory, respectively. The corresponding distance of the local minimum N2a is 1.96 Å at the MP2/6-311++G(d,p) level of theory. 7 From electron diffraction, 6 microwave spectroscopy, 7 and matrix-isolation infrared 11 experiments, it has been observed that L-alanine adopts the two most stable conformations N1 and N2a. Our results for the relative stabilities obtained at the B3LYP/6-311++G(d,p)//HF/6-31+G(d) and B3LYP/6-31+G(d) levels of theory are reasonably consistent with these observations, although the difference in energy or free energy between two local minima N2a and N2b is not remarkable. Although the local minima for Z-Ala and TS are obtained at the HF/6-31+G(d) level of theory, the free energy of Z-Ala is calculated to be higher than that of TS by 0.65 kcal/mol at the HF/6-31+G ( At all the levels of theory employed here, the relative stability of the local minimum N2b by ΔG is remarkably increased in solution than that in the gas phase. The local minimum N2b becomes more stable than the local minimum N2a in most of the solution. In particular, the local minimum N2a does not exist as a stationary point any longer at the CPCM B3LYP/6-31+G(d) level of theory in acetonitrile and water.
Although the relative conformational stabilities of N-Ala by ΔG are different from solution to solution at the CPCM HF/6-31+G(d) level of theory, the local minimum N1 is most preferred in most of the solution, except that the local minimum N4 is a little favored than the local minimum N1 in ethanol. However, the local minimum N2b becomes the most preferred conformation by ΔG and is followed by the local minimum N2a at the B3LYP/6-311++G(d,p)//CPCM HF/6-31+G(d) level of theory in solution, except in ethanol and water. The local minima N4 and N1 are the second preferred conformations in ethanol and water, respectively, which are more stabilized by 0.25 and 0.05 kcal/mol in ΔG than the local minimum N2a, respectively. At the CPCM B3LYP/6-31+G(d) and B3LYP/6-311++G(d,p)//CPCM B3LYP/6-31+G(d) levels of theory in solution, the local minimum N2b appears to be most preferred, although its free energy is higher by 0.08 and 0.27 kcal/mol than the local minimum N2a in chloroform and DMSO, respectively. In particular, the local minimum N1 is found to be the second preferred conformation in ethanol, acetonitrile, and water.
As found in the gas phase, the local minimum N1 for NAla is found to have a weak asymmetric bifurcated hydrogen bond between the amino hydrogens and the carbonyl oxygen in solution, whose the shorter distance becomes longer by 0.01-0.02 Å in all the solution and the longer distance are shortened by 0.01-0.03 Å only in ethanol, acetonitrile, and water at the CPCM HF/6-31+G(d) level of theory, compared to the values at the HF/6-31+G(d) level of theory in the gas phase. At the CPCM B3LYP/6-31+G(d) level of theory in all the solution, the former distance is a little lengthened by up to 0.03 Å and the latter distance becomes shorter by 0.01 Å, except by 0.06 Å in water.
In solution, the two local minima N2b and N2a seem to be stabilized by a hydrogen bond between the amino nitrogen and the carboxylic hydrogen, as seen in the gas phase. At the CPCM HF/6-31+G(d) level of theory, the hydrogen-bond distances of these two local minima become shorter by 0.03-0.04 Å in aprotic solutions and a little longer by 0.01 Å in ethanol and water, compared to those in the gas phase. At the CPCM B3LYP/6-31+G(d) level of theory, these hydrogenbond distances become more shortened by 0.06-0.11 Å in solution. Thus, the shorter hydrogen-bond distances of these two local minima N2b and N2a seem to play a role in more stabilizing these conformations over the conformation N1 in solution. It should be noted that the local minimum N2a does not exist as a stationary point any longer at this CPCM B3LYP levels of theory in acetonitrile and water, as discussed above.
Z-Ala and TS exist as stationary points at both the CPCM HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of theory in solution. On the whole the relative free energies of Z-Ala and TS become more lowered at all the levels of theory considered here, as the solvent polarity increases. In particular, Z-Ala becomes more stable than the most preferred conformations N2b, N2a, or N1 at all the levels of theory in ethanol and water, except at the B3LYP/6-311++ G(d,p)//CPCM B3LYP/6-31+G(d) level of theory in ethanol.
In water, the relative free energy of Z-Ala to the local minimum N1 is calculated to be -2.60 kcal/mol at the CPCM HF/6-31+G(d) level of theory, which was reported to be -4.48 kcal/mol at the B3LYP/6-31G(d) level of theory using the polarizable continuum model (PCM). 16 The relative free energy of Z-Ala to the local minimum N2b is calculated to be -5.08 and -3.03 kcal/mol at B3LYP/6-311++G(d,p)// CPCM HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of theory, respectively. The corresponding relative free energy was computed to be -3.13 kcal/mol at the B3PW91/6-31++G(d,p) level of theory with the PCM. Table 5 . The values of log K Z are positive in ethanol and water at the first three levels of theory and only in water at the fourth level of theory. Our calculated values of 3.45 and 2.04 for log K Z at B3LYP/6-311++G(d,p)//CPCM HF/6-31+G(d) and CPCM B3LYP/6-31+G(d) levels of theory in water, respectively, are reasonably consistent with the observed value of 5.41 for α-alanine in water. 3 The calculated values of 3.45 and 2.04 for log K Z correspond to 99.96 and 99.10% of Z-Ala in water, respectively.
Barriers to Z-Ala-to-N-Ala Interconversion in Solution. The barriers to Z-Ala-to-N-Ala interconversion (ΔG ‡ Z→N ) in solution are shown in Table 6 . The relative free energies of Z-Ala and TS to the most preferred conformation of N-Ala at the CPCM B3LYP/6-31+G(d) level of theory in each solution are plotted in Figure 3 .
At all the levels of theory, the value of ΔG ‡ Z→N increases on the whole with the increase of solvent polarity. The barriers in ethanol are similar to those in water, although their values in ethanol are lower than those in water. As the solvent polarity increases, the increase in barrier to Z-Ala-to-N-Ala interconversion is caused by the increase of stability for Z-Ala, as described in the previous section. In particular, the barrier of -0.59 kcal/mol at the B3LYP/6-311++G(d,p)// CPCM HF/6-31+G(d) level of theory in chloroform indicates that TS lies 0.59 kcal/mol below the zwitterionic Z-Ala and the intermediate is not stable. Therefore, the CPCM B3LYP/6-31+G(d) level of theory appears to be the most appropriate method in computing the population and interconversion of neutral and zwitterionic L-alanines in solution by the comparison of the ratios of the concentrations for ZAla and N-Ala in water and the barrier to Z-Ala-to-N-Ala interconversion in solution.
At the CPCM B3LYP/6-31+G(d) level of theory, the barriers to Z-Ala-to-N-Ala interconversion are computed to be 7.43, 3.22, and 8.50 kcal/mol in ethanol, acetonitrile, and water, respectively. These barriers were reported to be 3.38 and 3.85 kcal/mol at the B3LYP/6-31++G(d,p) level of theory in ethanol and acetonitrile, respectively, 25 and 5.86 kcal/mol at the MP2/6-31++G(d,p) level of theory in water, 24 with the SCRF method using multipolar expansions in an ellipsoidal cavity. 
Conclusions
At both the HF and B3LYP levels of theory, the local minimum N1 for N-Ala is found to be most preferred in the gas phase and a weak asymmetric bifurcated hydrogen bond between the amino hydrogens and the carbonyl oxygen appears to play a role in stabilizing this conformation. The local minima N2a and N2b are found to be the second preferred conformations, which seem to be stabilized by a hydrogen bond between the amino nitrogen and the carboxylic hydrogen.
Most of the local minima for N-Ala and Z-Ala and their TS obtained in the gas phase are retained as stationary points at both the CPCM HF and B3LYP levels of theory in solution. The relative stability of the local minimum N2b is remarkably increased in solution than that in the gas phase. The local minimum N2b becomes more stable than the local minimum N2a in most of the solution.
On the whole the relative free energies of Z-Ala and TS become more lowered, as the solvent polarity increases. NAla prevails over Z-Ala in aprotic solutions but Z-Ala is dominantly populated in ethanol and water. In aprotic solutions, the population of Z-Ala increases somewhat with the increase of solvent polarity. The barrier to Z-Ala-to-NAla interconversion increases on the whole with the increase of solvent polarity, which is caused by the increase of stability for Z-Ala. The barriers in ethanol are similar to those in water, although their values in ethanol are lower than those in water.
